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A fertilization-induced increase in intracellular Ca21 is responsible for initiating all of the events of egg activation. In
mammals, the Ca21 increase takes the form of a series of Ca21 oscillations showing complex temporal and spatial
properties. To understand the nature of these changes, we have investigated the expression patterns of the three isoforms
of the inositol trisphosphate receptor (InsP3R) during oocyte maturation and preimplantation development. We find that
mouse oocytes express mRNAs for all three InsP3R subtypes. Semiquantitative ratio reverse-transcriptase polymerase chain
reaction shows that the type II isoform is the predominant message in mature oocytes, representing 67% of the InsP3R
mRNA. In contrast, protein analysis reveals that the type I isoform accounts for all of the detectable InsP3R protein, despite
representing only 20% of the InsP3R mRNA. The levels of InsP3R protein were examined to determine whether they
correlated with the Ca21 signaling events surrounding the fertilization process. Type I InsP3R protein increased during
oocyte maturation and, in addition, within 8 h of fertilization underwent a dramatic decrease. During development to the
blastocyst the level of type I InsP3R protein did not return to prefertilization levels and types II and III remained below our
detection limit. The decrease in InsP3R protein after fertilization was found to correlate with a decrease in the sensitivity
of InsP3-induced Ca
21 release. These studies show that the expression of InsP3R mRNA is developmentally regulated, that
Ca21 signaling at fertilization is mediated exclusively through the type I InsP3R, and that the InsP3R is downregulated after
fertilization. © 1998 Academic Press
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INTRODUCTION
The fertilization of mammalian oocytes stimulates a
series of Ca21 oscillations that drive the resumption of
meiosis and entry into the first mitotic division (Kline and
Kline, 1992). These Ca21 oscillations continue for 3–4 h
and in any single oocyte occur at a regular frequency of
between 5 and 15 min (Swann and Ozil, 1994). The first few
transients have been reported to occur initially as waves
after which the transients become global synchronous os-
cillations when monitored with a time resolution of 1–2 s
(Miyazaki et al., 1986). Thus, the oscillations are highly
ordered in both space and time. The generation of sperm-
induced Ca21 oscillations is strongly correlated with the
meiotic and mitotic cell cycle (Carroll et al., 1994; Jones et
al., 1995a,b; Kono et al., 1996; Mehlmann and Kline, 1994).
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The Ca21 oscillations cease coincident with entry into the
first mitotic interphase when the pronuclei form and return
during mitosis some 8 h later (Jones et al., 1995a; Kono et
al., 1996). Furthermore, arresting the oocyte in MII using
spindle inhibitors leads to persistent oscillations that cease
only when the oocyte is allowed to enter interphase (Jones
et al., 1995a). The mechanisms underlying such complex
regulation of Ca21 signaling may involve a number of
factors including changes in the expression and regulation
of the intracellular Ca21 channels (Carroll et al., 1996).
Ca21 is released from intracellular stores in the endoplas-
mic reticulum through two families of Ca21 release chan-
nels, the InsP3 receptors (InsP3R) and ryanodine receptors
(Berridge, 1993). They exist as tetramers with the
C-terminal region providing the transmembrane and chan-
nel domains, while the bulk of the protein and N-terminus
protrude into the cytoplasm. This large N-terminal pro-
vides ready access to cytoplasmic modulators of Ca21
release including InsP3 itself (Mikoshiba, 1993). Three iso-
forms of each family have been identified and their expres-
sion is tissue specific and developmentally regulated (De
Smedt et al., 1994, 1997; Nakagawa et al., 1991; Ross et al.,
1992). Recent studies have illustrated that any one cell type
expresses multiple isoforms of InsP3R (De Smedt et al.,
1994, 1997; Nakagawa et al., 1991; Newton et al., 1994;
Wojcikiewicz, 1995), although the nearly exclusive expres-
sion of type I in cerebellum is a notable exception. The
expression of multiple, functionally distinct isoforms pro-
vides a rich degree of variation for the regulation of Ca21
release in any given cell type.
Both families of Ca21 channels appear to be present in
oocytes from different mammalian species as shown by the
ability of InsP3, ryanodine, and cADP-ribose to release Ca
21
(Whitaker and Swann, 1993; Yue et al., 1995). In some
species this physiological evidence is supported by molecu-
lar and biochemical data showing that mouse and hamster
oocytes express the type I InsP3R (Miyazaki et al., 1992;
Mehlman et al., 1996) and mouse oocytes express the type
II and III ryanodine receptors (Ayabe et al., 1995). The role
of RyRs in the generation of Ca21 transients at fertilization
in mammals is controversial (Ayabe et al., 1995; Jones et
al., 1995b; Carroll et al., 1996); however, evidence for a role
for InsP3Rs is more compelling (Mehlmann and Kline, 1994;
Miyazaki et al., 1992). The functionally inhibitory type I
InsP3R antibody 18A10 inhibits fertilization-induced cal-
cium transients in mouse and hamster oocytes (Miyazaki et
al., 1992, 1993). Despite this strong evidence for InsP3Rs in
Ca21 signaling at fertilization, the identity of the isoforms
expressed and whether they are developmentally regulated
remain unknown.
In addition to the expression of different intracellular
Ca21 channels, Ca21 release mechanisms during early
development may be modulated by posttranslational modi-
fications to the receptors. Phosphorylation, ATP, and cyto-
plasmic proteins such as FKBP12 and ankyrin are all known
to modulate the sensitivity of Ca21 release through InsP3
receptors (Bourguignon et al., 1993; Cameron et al., 1995;
Mikoshiba, 1993; Nakade et al., 1994). More recent studies
have revealed that Ca21 release through the InsP3 receptors
can be downregulated by proteolysis of the receptor with
the effect of decreasing the sensitivity of Ca21 release
(Sipma et al., 1998; Wojcikiewicz, 1995; Wojcikiewicz et
al., 1994). The aim of this study was to examine the InsP3R
isoforms present in mouse oocytes and to investigate the
possibility that changes in InsP3R levels may play a role in
modulating the sensitivity of Ca21 release during early
development.
MATERIALS AND METHODS
Collection of oocytes and embryos. Immature oocytes were
released into M2 from the ovaries of 21- to 24-day-old MF1 mice
48 h after intraperitoneal injection of pregnant mares’ serum
gonadotrophin. Oocytes with an intact layer of cumulus cells were
collected before removing the cells by repeated pipeting. For use in
rt-PCR the zona pellucida was removed by a brief incubation in
acidified Tyrode’s medium so as to remove all cumulus cell
remnants. For the collection of mature ovulated oocytes at MII,
human chorionic gonadotrophin (hCG) was injected 48 h after
PMSG to induce ovulation. Fourteen to 16 h after hCG the oviducts
were dissected out and placed in a Hepes-buffered modified Kreb’s
Ringer, M2 (Fulton and Whiitingham, 1978). The cumulus masses
were released into M2 containing hyaluronidase (150 u/ml) and the
cumulus-free oocytes were recovered after 3–5 min. Fertilized
oocytes were collected after incubation in T6 medium in the
presence of capacitated sperm for 4 h and a further 4 h in fresh T6
medium as described previously. Aged oocytes were used to control
for any changes that may occur in the oocyte between the time of
ovulation and fertilization. These oocytes were collected at the
same time as those to be fertilized and were subsequently treated in
the same manner, except that they were not exposed to sperm.
After in vitro fertilization, embryos were confirmed to be fertilized
by the presence of two pronuclei and a second polar body. Two-cell
embryos were obtained after the culture of in vitro fertilized
embryos for 24 h or from mated females 40–44 h after hCG.
Morulae and blastocysts were flushed from the oviducts and uterus
68–72 and 92–96 h after hCG, respectively. If oocytes or embryos
were to be used for analysis of mRNA or protein levels they were
washed a further three times in 2 ml of PBS containing 1 mg ml21
PVA (polyvinyl alcohol) before being transferred to a sterile micro-
centrifuge tube in a minimal volume (5–10 ml) and freezing in
liquid nitrogen. The tubes were stored at 270°C until use.
rt-PCR. Poly(A)1 RNA was isolated from 300 oocytes using the
Micro-FastTrack kit (Invitrogen, CA). The RNA was dissolved in
5.4 ml of sterile water and treated with 6 U RNAse-free DNAse in
the presence of 28 U of RNAsin and 2 mM MgCl for 1 h at 37°C.
The tube was heated to 95°C for 10 min before a brief centrifuga-
tion to collect the sample in the bottom of the tube. The 7-ml
reaction mix was divided into two equal volumes and random or
oligo(dT) primers were added to produce first-strand cDNA accord-
ing to the cDNA cycle kit (Invitrogen). Reverse transcriptase was
omitted from one of the tubes which was used as a control for
contaminating DNA. PCR was performed on 5–20% of the cDNA
reaction as template for previously characterized primer pairs
designed to amplify a particular InsP3R isoform. A 447-bp and a
182-bp segment of the type I and II InsP3Rs, respectively, were
amplified using primers described by Bush et al. (1994). A 160-bp
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segment of the type III InsP3R, using primers described by Ross et
al. (1992), was used. The conditions of the PCR included an initial
denaturation step of 94°C for 3 min, followed by 40–50 cycles of
annealing at 55°C for 1 min, extension at 72°C for 1 min, and
denaturation at 94°C for 30 s, with a final extension step of 10 min.
Each PCR was repeated at least three times. The PCR products
were identified by running on a 1–3% agarose gel. To confirm that
the PCR product was identical to the expected isoform predicted by
the primers, the products were cloned and sequenced directly from
the PCR and after isolation from the gel using the Geneclean II kit.
The DNA was cloned in to the pCR vector according to the TA
cloning kit (Invitrogen) and sequenced by means of dideoxy se-
quencing using the Sequenase DNA sequencing kit (Pharmacia).
Ratio rt-PCR. Ratio rt-PCR was essentially carried out as
described by De Smedt et al. (1994) except that up to 6% of the
first-strand reaction product was used as template for the PCR.
Briefly, the ratio rt-PCR was performed using primers that simul-
taneously coamplify two of the three isoforms of InsP3Rs. The
amplified products were labeled with [32P]dCTP and the different
messengers were discriminated by restriction digests. Analysis of
the digested radioactive PCR products was then performed using a
phosphorimager. The experiments were performed in triplicate on
two separate samples of GV stage and MII oocytes and on one
sample of the other groups. Intra- and interassay variations were
less than 10% in all cases.
Western blotting. The oocytes and embryos were removed
from the freezer and loading buffer was added to the frozen pellet
before vortexing, boiling for 5 min, and centrifugation at 16,000g
for 2 min. Aliquots containing the required number of oocytes and
embryos were electrophoresed on 4% gels. To compare the relative
levels of InsP3R in oocytes and embryos, the cells were run adjacent
to 10 ng of purified type I, II, or III InsP3R standards as described
(Wojcikiewicz, 1995). The proteins were transferred to nitrocellu-
lose and immunoblotted with affinity-purified, subtype-specific
antibodies, CT1 (type I), CT2 (type II), or CT3 (type III) (Wojcik-
iewicz, 1995), at dilutions that produced approximately equal
amounts of chemiluminescence from equal amounts of the purified
receptor standards. For comparisons of receptor levels in immature
oocytes, mature oocytes, and fertilized embryos, equal numbers of
each (200–400/lane) were loaded and immunoblotted as described.
Experiments were carried out using type I specific antibodies, CT1
and Ab40 (Zaidi et al., 1995).
Immunofluorescence. Oocytes and fertilized embryos were
fixed in 4% paraformaldehyde for 10 min and permeabilized in
blocking buffer (PBS, 3% BSA, 10% goat serum) containing 0.1%
Triton for 45 min, before incubation with a 1 in 25 dilution of the
CT1 antibody overnight at 4°C. The cells were washed extensively,
incubated in fluorescein-conjugated secondary antibody for 1 h at
37°C, washed, and mounted in Vectashield on microscope slides.
The immunostaining was visualized using a Leica confocal micro-
scope. To ensure that comparisons could be made between devel-
opmental stages, the different samples were scanned with identical
settings.
Ca21 recording. Oocytes or embryos were loaded with the
Fura-2 by a 15- to 20-min incubation in 2 mM acetoxymethyl ester
and 0.025% Pluronic (Molecular Probes) in M2 medium. The zona
pellucida was removed by a brief incubation in acidified Tyrode’s
solution (Sigma) and the zona-free oocyte was transferred to a
heated chamber on the stage of a Zeiss Axiovert microscope. Fura-2
was excited at 340 and 380 nm using a xenon lamp and monochro-
mator. Emission fluorescence was collected .510 nm using a
Coolview camera and data processed using IonVision software
(ImproVision, Coventry, UK). The data are presented as the ratio of
the 340- and 380-nm fluorescence values.
Microinjection of InsP3. Negative current pulses were used to
iontophoretically inject InsP3 from a micropipet into oocytes and
embryos. The injection solution contained 120 mM KCl, 20 mM
Hepes, and 0.01–1 mM InsP3 and was nominally Ca
21-free. Control
injections of solution not containing InsP3 had no effect on baseline
Ca21 (not shown). Micropipets had a resistance of 150–200 mOhms
when filled with the injection solution. Repeated injections were
possible in single cells using this technique so it was possible to
determine the relative amounts of InsP3 necessary to trigger a
release of Ca21 in oocytes before and after fertilization or aging.
The relative amount of InsP3 injected is represented by the magni-
tude of the charge injected (nA 3 seconds).
RESULTS
Expression of InsP3R mRNA in oocytes. To examine
the subtypes of the InsP3R family expressed by mouse
oocytes, rt-PCR was carried out using previously character-
ized primer pairs (see Materials and Methods). Each set of
InsP3R subtype specific primers amplified a fragment of
DNA of the predicted molecular weight (Fig. 1). The ampli-
fied product was not an artifact from contaminating DNA
because no product was found in the water and DNAse-
treated mRNA controls (Fig. 1). The PCR products were
cloned and sequenced to confirm that the correct cDNA
had been amplified. Thus, it appears that all three isoforms
of the InsP3R mRNA are present in mouse oocytes.
A more quantitative measure of the proportions of each
isoform present was provided by a ratio rt-PCR technique
(De Smedt et al., 1994, 1997). In addition to determining the
relative abundance of each InsP3R isoform, it revealed
developmental changes in the levels of mRNA expression.
The results showed that in immature GV stage oocytes,
type II and type I isoforms predominated (45 and 33%,
respectively) and type III constituted just less than 20%.
During maturation the relative proportion of type II in-
creased to 67% of all InsP3R messengers in the mature MII
oocyte. The relative proportions of types I and III were
reduced to 20 and 13%, respectively (Fig. 2). After fertiliza-
tion and cleavage to the two-cell stage, the ratio of type I/II
returned to close to unity with between 40 and 50% of the
messenger RNA being types I and II while the type III
constituted just 10% (Fig. 2). These data show that the
predominant mRNAs in oocytes are type I and II isoforms.
Expressing the ratio of type I/II at different stages of
development clearly illustrates the developmental fluctua-
tion in the relative levels of expression: at the GV stage, the
ratio is 0.7; at the MII stage, the ratio is 0.3; and at the
two-cell stage, the ratio is 0.9. It should be noted that this
may reflect changes in either isoform, i.e., the decrease in
the ratio between the GV and MII stages may reflect an
increase in type II message or a decrease in type I. Control
samples of cerebellum (Cb) and C3H10T1/2 cells show
similar proportions of InsP3R mRNA (Fig. 2) as has been
described previously (De Smedt et al., 1994, 1997).
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Expression of InsP3R protein in oocytes. To investigate
whether the levels of mRNA expression in the mature
oocyte reflected the abundance of each isoform of the
protein, we used a semiquantitative Western blot. At the
antibody concentrations used, equal amounts of purified
receptor provided similar levels of chemiluminescence (Fig.
3). On identifying the InsP3R protein in MII oocytes it was
revealed that type I was the only detectable isoform (Fig. 3).
The type I InsP3R ran at a molecular weight of ;270 kDa, in
agreement with previous studies using this antibody
(Wojcikiewicz, 1995). The antibodies for types II and III
were immunoreactive as indicated by the positive reference
lanes but did not reveal any immunoreactive protein in the
samples of 185 oocytes. Similar experiments using 300
oocytes/lane also failed to provide any evidence for the type
II and III proteins (not shown). The lack of immunoreactive
types II and III is not due to the failure of the antibodies to
recognize mouse tissues as borne out in preliminary data
and as shown in Fig. 6. These results show that the type I
InsP3R is the predominant InsP3R protein expressed in
mature mouse oocytes.
The level of InsP3R protein increases during maturation
and decreases after fertilization. During oocyte matura-
tion we found that type I InsP3R immunoreactivity in-
creased (Fig. 4A) which is in agreement with a recently
published study (Mehlmann et al., 1996). This suggests that
during maturation there is specific synthesis of the type I
isoform since we have shown that no other isoforms are
detectable in mature oocytes. It has been suggested that this
upregulation of InsP3R may reflect preparations for fertili-
zation (Carroll et al., 1996; Mehlmann et al., 1996) in which
case the requirement to maintain InsP3R levels after fertili-
zation may not be necessary. In addition, some physiologi-
cal evidence suggests that the sensitivity of Ca21 release
decreases after aging and fertilization (Jones and Whitting-
ham, 1996).
Analysis of type I InsP3R levels by Western blotting
revealed a dramatic decrease in the levels of InsP3R at the
two-cell stage compared to mature MII stage oocytes (Fig.
4B). This decrease appeared to occur soon after fertilization
because a similar decrease in protein was found in pronucle-
ate stage embryos 8 h after being mixed with capacitated
sperm (insemination) (Fig. 4C). Similar results were ob-
tained using two type I specific antibodies, Ab40 (n 5 4) and
CT1 (n 5 3). This decrease in type I InsP3R protein was
specific to fertilized embryos as unfertilized oocytes incu-
bated (aged) in T6 medium for the same amount of time (8
h) showed similar levels of protein as the freshly ovulated
oocytes (Fig. 4C).
To examine whether there was any spatial regulation in
the loss of InsP3R after fertilization, we localized type I
InsP3R using the previously characterized CT1 antibody
and confocal microscopy. Immunoreactive protein was dis-
tributed throughout the oocyte cytoplasm (Fig. 5A). The
meiotic spindle (not shown in Fig. 5) was devoid of any
staining in all 12 of the mature oocytes examined. No
staining was detectable in the absence of the antibody,
suggesting that the immunoreactivity was specific (Fig. 5C).
Furthermore, the staining was neutralized by the peptide
antigen used to raise the antibody (not shown). In fertilized
embryos the pattern of immunofluorescent staining re-
mained dispersed throughout the cytoplasm and as ex-
pected was not present within the pronuclei (Fig. 5B). After
identical processing and at the same confocal settings it was
observed that the staining intensity was consistently (9/9)
decreased in fertilized embryos consistent with the data
obtained from the Western blots (compare Figs. 5A and 5B).
Mean pixel intensities taken from projected images of five
FIG. 1. Analysis of InsP3R mRNA present in mouse oocytes. rt-PCR of mRNA from immature mouse oocytes using InsP3R
isoform-specific primers reveals that types I (447 bp) and II (182 bp) (A) and type III (160 bp) (B) are expressed. Control lanes of DNAse treated
mRNA (C) and where the cDNA was substituted with water (W) show no nonspecific products. Data are representative of three experiments
for each isoform.
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unfertilized and fertilized oocytes confirmed the difference
in staining intensity (62 6 12 and 37.1 6 6, respectively;
P , 0.01). The pattern of staining suggests that the protein
is lost from all regions of the cytoplasm rather than it being
an event specific to any one region of the oocyte.
Expression of InsP3R isoforms during preimplantation
development. The results described above raise two ques-
tions. First, are the type II and III mRNAs acting as stored
maternal transcripts for expression during later develop-
ment; and, second, does the type I receptor protein return to
prefertilization levels? These questions were addressed by
Western analysis of protein from oocytes, late two-cell
embryos, morulae, and blastocysts using the isoform-
specific antibodies CT1, CT2, and CT3. Antibodies CT2
and CT3 confirmed that types II and III were not expressed
in oocytes and revealed that neither isoform was upregu-
lated to detectable levels throughout preimplantation de-
velopment (Fig. 6). Stripping the blots and reprobing with
CT1 revealed that the type I protein was elevated in oocytes
compared to all other stages and that no return to prefertil-
ization levels could be detected during development (Fig. 6).
Thus, the type I InsP3R is specifically upregulated in
oocytes.
The sensitivity of InsP3-induced Ca
21 release decreases
after fertilization. To examine the possible impact of the
decrease in InsP3R levels after fertilization, we monitored
the sensitivity of InsP3-induced calcium release using ion-
tophoretic injection. To control for differences that may
occur postovulation, the sensitivity of Ca21 release in
fertilized pronucleate stage embryos was compared to age-
matched unfertilized oocytes 8–12 h after oocyte collection
or insemination. In some experiments the sensitivity of
Ca21 release in freshly ovulated oocytes (1–4 h after collec-
tion) was also examined. Micropipets containing 1 mM
InsP3 stimulated Ca
21 oscillations in control aged oocytes
(7/8) and in fertilized embryos with two pronuclei (4/6) (not
FIG. 2. Relative proportions of InsP3R mRNA in oocytes and two-cell embryos. Ratio rt-PCR was carried out using primers that amplify
two of the three isoforms of InsP3R mRNA as described under Materials and Methods. mRNA was extracted from immature oocytes (GV),
mature ovulated oocytes (MII), and two-cell embryos. Cerebellum (Cb) and CH3 1OT1/2 cells that contain predominantly type I and III
isoforms, respectively, were used as positive controls. The radiolabeled PCR products were cut using isoform-specific restriction enzymes.
The products were separated in gels and the proportion of radioactivity was analyzed using a phosphorimager. The proportions presented
are the means of triplicate samples of one of two experiments carried out from each stage of development. Both intra- and interassay
variability were less than 10% in the two sets of samples.
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shown). A low concentration of 10 mM only induced Ca21
transients at large current pulses of .20 nA (not shown). An
intermediate pipet concentration of 100 mM was found to
be ideal for testing the sensitivity of Ca21 release (Fig. 7).
Two patterns of Ca21 release were seen in these experi-
ments: first, Ca21 oscillations on insertion of the micro-
electrode; and second, single Ca21 transients in response to
a given current injection (see Figs. 7A,a and 7A,b for
examples). Insertion of pipets containing 100 mM InsP3
triggered Ca21 oscillations in 6 of 6 freshly ovulated oocytes
(not shown), 5 of 9 aged unfertilized oocytes (see Fig. 7A,b),
and 0 of 12 pronucleate stage embryos. In aged unfertilized
oocytes that did not oscillate on insertion of the micropipet,
the threshold current pulse required to generate a maximal
Ca21 transient was less than that required in fertilized
embryos (2 nA 3 1 s and 5 nA 3 1 s, respectively; Figs. 7A,a,
7A,c, and 7A,d). The relationship between the size of the
current pulse and peak Ca21 in unfertilized and fertilized
oocytes is shown in Fig. 7B. This reveals that there is a
decrease in both the sensitivity of the calcium release
mechanisms and the peak Ca21 released after fertilization.
DISCUSSION
The main findings of this study are that mouse oocytes
express exclusively the type I isoform of the InsP3R. This
isoform appears to be upregulated in oocytes and undergoes
downregulation after fertilization. These data suggest that
the type I InsP3R is regulated in a manner that reflects its
critical role in fertilization.
Multiple isoforms of InsP3R mRNA, but only one pro-
tein. The levels of mRNA for the different isoforms of the
InsP3R are clearly not representative of the respective
protein levels, where only type I is expressed. Such a
complete discrepancy between the mRNA expression levels
and protein levels was not found after analysis of a number
of cultured cell types and tissue types (Wojcikiewicz, 1995)
and may reflect a peculiarity of RNA and protein processing
in the oocyte (see below). The high proportion of type II
message (70% of total) may have been established during
oocyte maturation by two possible mechanisms: first,
through transcription of type II during maturation; and
second, by specific degradation of the type I message. The
latter possibility seems most tenable since transcription
FIG. 4. Type I InsP3R increases during oocyte maturation and
decreases after fertilization. Western analysis of InsP3R during
oocyte maturation (A) and after fertilization (B, C). Two hundred
oocytes or embryos were separated by SDS–PAGE, transferred to
membranes, and probed using the type I specific antibody #40.
During maturation from immature (GV) to mature (MII) oocytes
there is an increase in InsP3R immunoreactivity (A). After fertili-
zation and cleavage to the two-cell stage, the levels of InsP3R have
decreased (B). Pronucleate stage embryos (Pn) 8 h after fertilization
also show a decrease but age-matched unfertilized control oocytes
(Ag) show similar levels of InsP3R as freshly ovulated MII oocytes
(C). The data are representative of at least three experiments for
each stage of development. B and C were been performed with two
antibodies, CT1 and Ab40, with similar results.
FIG. 3. The type I InsP3R is the only InsP3R protein expressed in
mouse oocytes. Oocyte extracts and InsP3R standards were elec-
trophoresed and immunoblotted with CT1 (top), CT2 (middle), or
CT3 (bottom), which specifically recognize the type I, II, and III
receptors, respectively. The antibodies were used at dilutions
known to provide a similar staining intensity for the standards. In
each panel, lane 1 contains 10 ng of purified InsP3R standards (type
I in top, type II in middle, or type III in bottom) and lane 2 contains
extract from 185 mature MII stage oocytes. Data are representative
of three independent analyses. Identical results were obtained
when 300 oocytes were used in each lane.
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ceases soon after the initiation of oocyte maturation. Also,
the type I mRNA is apparently translated during matura-
tion (Fig. 3, top) and it is known that mRNAs undergoing
translation are more unstable than stored messages (Huarte
et al., 1987). Due to the nature of this assay, the significance
of comparisons between different stages of development
using the rt-PCR assay is dependent on there being a
broadly similar level of total InsP3R mRNAs. It is known
that total mRNAs decrease by about 50% during oocyte
maturation, but most of the decrease (approximately 75%)
is ribosomal RNA and the nonribosomal component is
relatively stable (Paynton et al., 1988). Thus, a decrease in
the type I message as it is being translated during matura-
tion would appear to be the explanation of the changing
ratios of InsP3R mRNAs during oocyte maturation.
Such regulation is apparently not responsible for the
changes in mRNA ratios after fertilization. At the two-cell
stage, the levels of type I and II mRNAs have returned to
similar levels (a type I/II ratio approaching 1) implying that
some time after fertilization either new transcription of
type I or degradation of type II mRNA occurred. Since
transcription is not reinitiated in force until late in the
two-cell stage (Bolton et al., 1984; Flach et al., 1982;
Schultz, 1993), the likely reason is a decrease in the level of
type II mRNA after fertilization. This decrease is apparently
not associated with translation, as type II protein cannot be
detected through preimplantation development, but is
probably associated with the general destruction of mater-
nal mRNAs that occurs as the embryonic genome is acti-
vated at the two-cell stage (Paynton et al., 1988). Further
experiments examining the absolute levels of InsP3R mR-
NAs at different stages of development are needed to
confirm this possibility.
The reason why oocytes express but do not translate the
type II and III messages is not clear. Oocytes are known to
accumulate mRNAs, some of which are translated while
others are masked until activation by polyadenylation at
specific stages of development (Bachvarova, 1992). Thus,
the mRNA for the type II and III isoforms may be stored
FIG. 5. Immunolocalization of type I InsP3R before and after fertilization. The distribution of InsP3R was examined in ovulated oocytes
(A) and embryos 8 h after fertilization (B). In the absence of primary antibody (C) or after preadsorption with the peptide antigen (not shown)
there was no detectable staining. Each image was taken using identical confocal settings. The meiotic spindle does not stain and is not
present in the confocal section shown.
FIG. 6. The expression of InsP3Rs during preimplanation devel-
opment. Proteins from blastocysts (Bl), eight-cell embryos (8-cell),
and unfertilized oocytes (UF) (200 of each) and a control lane of
mouse brain (type I) or mouse pancreas (types II and III) were
electrophoresed and blotted with CT1 (A), CT2 (B), and CT3 (C).
The arrows indicate the InsP3R isoforms identified by the subtype
specific antibodies. There was no evidence for the expression of the
type II or III isoforms in preimplantation development. The same
gel was used for the analysis by probing first with CT3 followed by
CT2 and after stripping, CT1. The same results were obtained in a
replicate experiment where type II and III isoforms were probed in
the reverse order.
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mRNAs awaiting activation for a role in later development.
However, our data do not support the idea that types II and
III are regulated in such a manner as no corresponding
protein could be detected from the oocyte through to the
blastocyst stage. Comparing the 39 regions of the mRNAs
may shed some light on possible translational control
mechanisms that lead to this pattern of expression.
Fertilization stimulates downregulation of InsP3R pro-
tein. The decrease in immunoreactive type I InsP3R de-
tected after fertilization suggests that the protein is tightly
regulated during early development. The decrease occurs
rapidly, sometime within the first 8 h after being exposed to
sperm or within 7 h of fertilization given that penetration
through the zona pellucida takes about 1 h. This time
FIG. 7. The sensitivity of InsP3-induced Ca
21 release decreases after fertilization. Examples of Ca21 records during iontophoretic injection
of InsP3 into aged unfertilized oocytes (A,a and A,b) and pronucleate stage embryos (A,c and A,d). Note that in five of nine aged unfertilized
oocytes pipet insertion caused repetitive oscillations (A, b). The arrow refers to the time of pipet insertion and the asterisks refer to the
times when the current was injected. The current strength in nA was maintained for 1 s and is indicated above the asterisk. Ca21 is
presented as the ratio of 340/380 nm. Note that the threshold current required for Ca21 release is higher after fertilization and that the peak
Ca21 reached is less. The relationship between peak Ca, presented as the ratio of 340/380 nm, and current strength for unfertilized and
fertilized oocytes is shown (B).
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course of several hours suggests that the loss of InsP3R
protein is not associated with any of the early events of egg
activation such as cortical granule exocytosis, which occurs
within the first 15 min of fertilization (Kline and Stewart
Savage, 1994), but rather with events occurring over a
longer time scale such as cell cycle resumption or repetitive
Ca21 transients that are known to last 3–4 h (Jones et al.,
1995a; Kline and Kline, 1992). While it remains unclear
how the decrease is brought about, the fact that oocytes
aged in vitro have levels of protein similar to freshly
ovulated oocytes shows that fertilization, or egg activation,
is necessary for stimulating the decrease in InsP3R protein.
There are at least two possible mechanisms that may
explain the decrease in InsP3R protein after fertilization.
First, fertilization may switch off the synthesis of any new
receptor protein and, second, fertilization may lead to the
active degradation of the receptor. The estimated half-life of
the InsP3R in other cells is about 11 h (Joseph, 1994); thus,
in the 7 h after fertilization required for the protein to
decrease, at least 60% of the original protein should remain.
It seems unlikely that a simple inhibition of protein syn-
thesis is sufficient to explain the decrease in InsP3R and
suggests that fertilization stimulates active proteolysis of
InsP3Rs. Fertilization leads to proteolysis of other proteins
including cyclin B and c-mos via the 26S proteasome and
calpain, respectively (Murray et al., 1989; Watanabe et al.,
1989).
Proteolytic degradation of InsP3Rs has been demon-
strated in microsomal preparations (Magnusson et al., 1993)
and a number of cell lines in response to chronic exposure
to agonists (Wojcikiewicz et al., 1994). The mechanism of
downregulation is associated with prolonged phosphoinosi-
tide turnover (Wojcikiewicz, 1995) and the release of intra-
cellular Ca21 (Wojcikiewicz et al., 1994) and is inhibited by
the protease inhibitors ALLN and lactacystin (Bokkala and
Joseph, 1997; Sipma et al., 1998; Wojcikiewicz and Ober-
dorf, 1996). The involvement of the 26S proteasome is
strongly suggested by the effectiveness of the proteasome-
specific inhibitor lactacystin and the observation that
InsP3Rs can be ubiquinated (Bokkala and Joseph, 1997).
Although the precise mechanism of downregulation at
fertilization remains to be determined, all of the necessary
components, prolonged activation of Ca21 signaling, ubi-
quitination, and proteolysis, are present and active in fer-
tilizing oocytes.
The type I InsP3R is specifically upregulated in oocytes.
The finding that the type I InsP3R did not return to
prefertilization levels during preimplantation development
suggests that the type I InsP3R is specifically upregulated in
oocytes, presumably reflecting its requirement for fertiliza-
tion. Thus, upregulation of the InsP3R can be considered an
important contribution to the final maturation of the oo-
cyte cytoplasm that ensures that sufficient Ca21 is released
in order to initiate embryogenesis.
It may be no coincidence that another cell type in which
only the type I isoform has been identified is the Xenopus
oocyte (Kume et al., 1993; Parys and Bezprozvanny, 1995).
Given that successful fertilization requires a global all-or-
none Ca21 signal, it may be that the type I InsP3R is best
suited to this role. Some of the observed properties of the
type I InsP3R support this idea. First, purkinje cells, which
express the type I InsP3R, are relatively insensitive to InsP3
but release more Ca21 once activated; and, second, com-
pared to cells expressing the type III isoform, it has been
suggested that cells expressing the type I InsP3R are less
sensitive to InsP3 at resting Ca
21 levels and more sensitive
once the cytosolic Ca21 begins to rise (Cardy et al., 1997).
These properties would doubly favor fertilization, filtering
out any small signals, thereby preventing spontaneous
parthenogenetic activation but ensuring that the stimulus
delivered by the sperm induces a maximal release of Ca21.
The implications of InsP3R downregulation. We have
previously shown that the Ca21 oscillations generated at
fertilization stop close to the time that pronuclei form
(Jones et al., 1995a). If this is controlled at the level of the
InsP3R, then a prediction is that the sensitivity of InsP3-
induced Ca21 release will decreases after fertilization. The
present study supports this prediction since unfertilized
oocytes release more Ca21 at lower doses of InsP3 than after
fertilization. This suggests that the InsP3R itself, rather
than a decrease in agonist, is responsible for the cessation of
Ca21 oscillations after fertilization. The dramatic decrease
in InsP3R protein after fertilization provides a possible
mechanistic explanation for how the InsP3R is modified
after fertilization.
The levels of InsP3R protein generally correlate well with
the ability to generate sperm-induced Ca21 transients.
During oocyte maturation the sensitivity of Ca21 release
increases in concert with an increase in InsP3R protein
(Jones et al., 1995b; Mehlmann and Kline, 1994; present
study) and, as described above, decreases with the level of
protein after fertilization.
Other mechanisms of InsP3R regulation may also be
important. Freshly ovulated oocytes are more sensitive to
InsP3 than oocytes age-matched for those examined after
fertilization (Jones and Whittingham, 1996; present study).
This suggests that aging itself has effects on the sensitivity
of Ca21 release mechanisms which the present data show is
independent of any dramatic changes in InsP3R immunore-
activity. Similarly, it is unlikely that the cell-cycle-
dependent regulation of Ca21 release we have previously
described (Kono et al., 1996) is explained by changing
InsP3R levels. Thus, InsP3R downregulation is one mecha-
nism likely to be responsible for determining the temporal
nature of the Ca21 signal at fertilization but further work is
required to determine what other mechanisms are involved.
Ca21 channels involved in Ca21 release at fertilization.
The finding that the type I InsP3R is the only isoform
detectable in mouse oocytes provides strong evidence that
the type I InsP3R is the major player in Ca
21 signaling at
fertilization. Although we cannot formally rule out that
other isoforms are expressed below our limits of detection,
clearly they will have a comparatively minor impact on
Ca21 signals generated at fertilization. A critical role for the
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type I isoform is supported by previous studies that have
utilized a type I specific antibody (18A10) to examine the
role of InsP3Rs at fertilization. It was found that the
antibody inhibited not only fertilization but also InsP3- and
Ca21-induced Ca21 release in hamster and mouse oocytes
(Miyazaki et al., 1992, 1993). The contribution of the other
major family of intracellular Ca21 channels, the RyRs, to
Ca21 oscillations at fertilization of mammalian oocytes
remains controversial. They appear to be present in most
mammalian species, albeit at very low levels (Ayabe et al.,
1995; Carroll et al., 1996; He et al., 1997), and modulators of
RyR function have been shown to modify Ca21 release in
mouse oocytes (Swann, 1992; Jones et al., 1995b). Given the
Ca21-induced Ca21 release properties of RyRs, it is unlikely
that, if present, they remain unstimulated when Ca21 is
elevated. Further studies are required to clarify the role of
RyRs at fertilization in mammals but our findings clearly
show that, of the InsP3R family, only the type I isoform is
required.
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